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Introduction. Space weathering (SW) effects on 
the lunar surface are reasonably well-understood from 
sample analyses [1-3], remote-sensing data, and exper- 
iments [e.g. 2, 4, 5], yet our knowledge of asteroidal 
SW effects are far less constrained. While the same 
SW processes are operating on asteroids and the 
Moon, namely solar wind irradiation, impact vaporiza- 
tion and condensation, and impact melting, their rela- 
tive rates and efficiencies are poorly known, as are 
their effects on such vastly different parent materials. 
Asteroidal SW models based on remote-sensing data 
and experiments are in wide disagreement over the 
dominant mechanisms involved and their kinetics [e.g. 
6, 7]. Lunar space weathering effects observed in UV- 
VIS-NIR spectra result from surface- and volume- 
correlated nanophase Fe metal (npFe 0 ) particles. In the 
lunar case, it is the tiny vapor-deposited npFe 0 that 
provides much of the spectral reddening, while the 
coarser (largely melt-derived) npFe 0 produce lowered 
albedos [8, 9]. Nanophase FeS (npFeS) particles are 
expected to modify reflectance spectra in much the 
same way as npFe 0 particles. Here we report the results 
of experiments designed to explore the efficiency of 
npFeS production via the main space weathering pro- 
cesses operating in the asteroid belt. 

Vaporization/Condensation Experiments. We 
previously reported the results of simulated microme- 
teorite impact into chondritic targets using a pulsed 
laser technique [10]. These experiments showed the 
formation of surface melts on the targets and the for- 
mation of abundant nanophase Fe particles in the melt 
layer. In these experiments, a glass slide was placed -1 
cm above the meteorite target in order to collect part of 
the vapor plume generated by the repeated laser im- 
pacts [11]. We used a focused ion beam (FIB) instru- 
ment to extract a thin section through the vapor- 
deposited coating that was generated from the Ehole 
H5 chondrite and analyzed the section in the transmis- 
sion electron microscope (TEM). The 50-nm thick 
coating consists of amorphous Mg-rich silicate glass 
and abundant nanophase (2-5 nm) FeS (npFeS) parti- 
cles. The coating is stratified with a non-uniform dis- 
tribution of npFeS particles (Fig. 1). Relative to the 
bulk composition of Ehole, the vapor-deposited coat- 
ing is depleted in Mg, enriched in Fe and strongly en- 
riched in S by a factor of -10. The Fe (sulfide)/Fe 
(metal) ratio in bulk Ehole is 0.2 [12] while that in the 
vapor coating is -9. Essentially all of the Fe in the 


vapor-deposited coating is present as npFeS. The up- 
permost surface of the vapor-deposited coating shows 
numerous sub-pm Mg-silicate melt spherules. 

Irradiation/Sputtering Experiments. Laborato- 
ry experiments were used to explore the mechanism of 
S depletions observed at Eros [13]. Irradiation of FeS 
with 4 keV He+ results in preferential sputtering of S 
and the formation of a thin 2-3 nm, compact Fe metal 
layer that armors the surface [14]. The zone of S loss 
extends to a depth of -8-10 nm below the exposed 
surface. Despite this S loss, the FeS retains its crystal- 
linity and shows no sign of incipient amorphization. 
Irradiation of FeS with 5kV Ga+ resulted in preferen- 
tial sputtering of S and the formation of a 5-8-nm thick 
surface layer of nanophase Fe metal. X-ray mapping 
shows that the zone of S sputtering extends to a depth 
of nearly 20 nm, but there is no evidence for FeS 
amorphization, consistent with our previous work [15]. 

The irradiation experiments also show that the 
relative sputtering rate of FeS is much higher than oli- 
vine or enstatite. Sputtering experiments utilizing 30 
kV and 5 kV Ga ions in the FIB produced pits in 
troilite that were -4X deeper than the adjacent pits in 
enstatite or forsterite (Fig. 2). The sputter yield under 
these conditions is such that for every Si atom sput- 
tered from enstatite, -14 S atoms are sputtered from 
FeS. We have performed similar sputtering experi- 
ments on Fe-bearing niningerite (MgS) and co-existing 
enstatite from the ALH 84170 EH3 chondrite. MgS 
also sputters more rapidly than enstatite with a relative 
Si:S sputter yield of 1:8. For MgS, sulfur is highly 
depleted at the surface and the S -depletion zone ex- 
tends to a depth of -15 nm (using 5 kV Ga+). There is 
a corresponding zone of Mg and especially Fe enrich- 
ment that extends from 5 to -10 nm below the surface, 
respectively. 

Shock Experiments. Horz et al. [16] showed that 
iron metal and FeS are readily mobilized by shock. 
They performed shock-recovery experiments on com- 
minuted powders of ALH 85017, a L6 ordinary chon- 
drite. At shock pressures of 67 GPa (corresponding to 
an impact velocity of -5 km/s, near the asteroidal 
mean value of 5.3 km/s [17]) -50% of the target mate- 
rial was molten. The FeS and Fe metal formed immis- 
cible melts that are distributed throughout the silicate 
melt-glass as sub-pm particles [16]. We used the scan- 
ning electron microscope to examine samples shocked 
to 50 GPa and observed schlieren dominated by npFeS 


particles in feldspathic-melt glass (Fig. 3). FIB/TEM 
analyses of these shock melts are underway to deter- 
mine the nature and size-frequency distribution of the 
nanophase inclusions. 

Conclusions. Fe-sulfide, a major mineralogical 
constituent of ordinary and carbonaceous chondrite 
meteorites, is readily vaporized by simulated microme- 
teorite impacts. The vaporized material recondenses as 
npFeS similar in size range to the npFe 0 in lunar sam- 
ples that is responsible for the reddened slopes in VIS- 
NIR reflectance spectra. Ion irradiation of FeS results 
in preferential sputtering of S and produces nanophase 
Fe metal as a by-product. Shock experiments simulat- 
ing asteroidal impact velocities show that FeS and Fe 
metal are readily mobilized and incorporated as 
nanophase inclusions in shock melts. Taken together, 
these results suggest that npFeS plays a major role in 
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Figure 1. Brightfield TEM image of the 50-nm thick- 
vapor-deposit obtained by laser irradiation of the 
Ehole H5 chondrite. Dark specks are npFeS particles. 
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Figure 2. FIB-SEM image of sputter pit that overlaps 
a troilite- enstatite grain boundary. The pit depth ratio 
is -4 showing that troilite sputters more easily than 
enstatite. 



Figure 3. Backscattered SEM image of impact melt 
with abundant nanophase FeS and Fe° inclusions pro- 
duced at a maximum shock pressure of 50 GPa into a 
comminuted ALH 85017 target. 
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